The human epidermal growth factor (EGF) receptor (HER) family members cooperate in malignancy. Of this family, HER2 does not bind growth factors and HER3 does not encode an active tyrosine kinase. This diversity creates difficulty in creating pan-specific therapeutic HER family inhibitors. We have identified single amino acid changes in epidermal growth factor receptor (EGFR) and HER3 which create high affinity sequestration of the cognate ligands, and may be used as receptor decoys to downregulate aberrant HER family activity. In silico modeling and high throughput mutagenesis were utilized to identify receptor mutants with very high ligand binding activity. A single mutation (T15S; EGFR subdomain I) enhanced affinity for EGF (two-fold), TGF-α (twenty-six-fold), and heparin-binding (HB)-EGF (six-fold). This indicates that T15 is an important, previously undescribed, negative regulatory amino acid for EGFR ligand binding. Another mutation (Y246A; HER 3 subdomain II) enhanced neuregulin (NRG)1-β binding eight-fold, probably by interfering with subdomain II-IV interactions. Further work revealed that the HER3 subunit of an EGFR:HER3 heterodimer suppresses EGFR ligand binding. Optimization required reversing this suppression by mutation of the EGFR tether domain (G564A; subdomain IV). This mutation resulted in enhanced ligand binding (EGF, ten-fold; TGF-α, thirty-four-fold; HB-EGF, seventeen-fold; NRG1-β, thirty-one-fold). This increased ligand binding was reflected in improved inhibition of in vitro tumor cell proliferation and tumor suppression in a human non-small cell lung cancer xenograft model. In conclusion, amino acid substitutions were identified in the EGFR and HER3 ECDs that enhance ligand affinity, potentially enabling a pan-specific therapeutic approach for downregulating the HER family in cancer.
INTRODUCTION
The human EGFR (HER) family has four members-EGFR/HER1/ErbB1, HER2/ErbB2, HER3/ErbB3, and HER4/ ErbB4-that collectively bind more than 11 canonical ligands including EGF, TGF-α, heparin-binding (HB)-EGF, amphiregulin, betacellulin, epiregulin, epigen, and neuregulin (NRG)1-4 (1-3). Although HER2 is an orphan receptor and does not bind the above ligands, it serves as a signal amplifier by heterodimerization with other HER family members such as HER3 and HER4 (4, 5) . Dysregulation of HER family members and their cognate ligands is implicated in many cancers and other diseases (6) (7) (8) (9) (10) . Drugs currently approved for treatment of cancers driven by HER family members are either monoclonal antibodies such as trastuzumab, pertuzumab (both HER2-specific), and cetuximab (EGFR-specific), or small molecule tyrosine kinase inhibitors such as gefitinib and erlotinib (EGFR kinase inhibitor) and lapatinib (HER2 >> EGFR kinase inhibitor) (11, 12) . However, current treatments are effective only in subsets of patients, and encounter intrinsic or acquired resistance which could be attributed at least in part to coexpression and ligand activation of other receptor tyrosine kinases (13, 14) , particularly HER family members (6, 12, (15) (16) (17) (18) (19) (20) (21) . To overcome or avoid such resistance, we reported previously a bispecific ligand trap which is an Fc-mediated heterodimer of the EGFR and HER3 ligand binding domains (22, 23) . This prototypic bispecific ligand trap binds EGFR and HER3 ligands, inhibits proliferation of a broad spectrum of cultured cancer cells, and suppresses growth of tumor xenografts in mouse models.
Crystal structures of the extracellular domains (ECD) have been determined for the EGFR (24) (25) (26) (27) , HER2 (28, 29) , HER3 (30) , and HER4 (31) . Studies of structure-function correlation reveal residues critical for ligand binding, receptor dimerization, and tether formation (24, 27, (32) (33) (34) (35) (36) . In the absence of ligands, EGFR, HER3, and HER4 subdomains II and IV of the ECD form an intramolecular autoinhibitory tether. Upon ligand binding, the HER ECD subdomains undergo conformational changes allowing the subdomains I and III to rotate and form a high-affinity ligand binding pocket. Mutagenic disruption of the domain II/IV tether in soluble HER proteins (27, (32) (33) (34) (35) or C-terminal deletion of subdomain IV (37) improves ligand binding affinity up to fifteen-fold (27) .
The present work describes the results of rational structure-based mutagenesis of the EGFR:HER3 extracellular ligand binding domains. We were able to combine several mutations to create an Fcmediated triple mutant EGFR:HER3 heterodimer, RB242 ( Figure 1A ,1B). RB242 showed an average of twenty-two-fold improvement in affinity for each of the assayed ligands including EGF, TGF-α, HB-EGF, and NRG1-β. Supporting the concept of better biological activity with an affinity-optimized mutant, RB242 demonstrated improved anti-proliferative activity both in cultured cells and in nude mice bearing tumor xenografts. RB242, an affinity-optimized novel bispecific HER ligand trap, may prove to be a clinically useful alternative to panreceptor-targeted therapies.
MATERIALS AND METHODS

Computational Design
Computer modeling of the EGFR ligand binding domain was performed using the co-crystal structures of EGFR-EGF (PDB code IMOX-chain C) (26) and EGFR-TGF-α (PDB code 1IVO-chain C) (25) . Computer modeling of HER3 ligand binding domain was done using the structure information of HER3 ECD (PDB code IM6B) (30, 38) . The affinity design was based on the physical-chemical properties and classification of amino acids such as charge, polarity, aromaticity, and so on. Also considered were residue volume, surface area, solvent accessibilities, and so on. The PAM250 matrix was used to aid in the prediction of amino acid substitution (39, 40) .
Mutagenesis
Site-directed mutagenesis was performed by overlapping PCR which included three sequential PCR reactions each catalyzed by the thermo-stable DNA polymerase Elongase supplemented with pfu (Invitrogen). EGFR/Fc and HER3/Fc cDNAs (23) were used as the PCR templates. Condition set up for the first round PCR with two pairs of overlapped PCR primers bearing designed mutations was 94°C (2 min), 94°C (45 s), 60°C (45 s), and 68°C (3 min) for 26 cycles. The two overlapped PCR fragments generated by the first round PCR were gel-purified, combined at 1:1 molar ratio, and used for the second round PCR. The second round PCR annealed the two overlapped PCR fragments using the condition of 94°C (2 min), 94°C (45 s), 57°C (45 s), and 68°C (30 min) for eight cycles. In the third round PCR, the product of the second round PCR was used as the template. PCR amplification was conducted in the presence of a forward primer that covered the start codon and a reverse primer that covered the stop codon. The PCR condition was 94°C (2 min), 94°C (45 s), 60°C (45 s), and 68°C (3 min) for 26 cycles. PCR products bearing mutations were cloned into the Gateway System plasmid pDONR221 (Invit- rogen, Carlsbad, CA, USA). Designed mutations were confirmed by complete sequencing. Inserts in pDONR221 then were transferred to the expression vector pcDNA3.2-DEST (Gateway System, Invitrogen) by LR reaction following the manufacturer's instructions.
Protein Expression and Purification
For 
Screening for Improved Ligand Binding
Screening for binding of europium (Eu)-labeled EGF and NRG1-β by dissociation enhanced lanthanide fluorescence immunoassay (DELFIA, PerkinElmer, Waltham, MA, USA) was carried out in 96-well yellow plates (Perkin Elmer). Wells were coated with 100 μL of antihuman Fc antibody (5 μg/mL, SigmaAldrich, St. Louis, MO, USA) at room temperature overnight. Coated plates were rinsed three times with PBS/0.05% Tween-20 wash buffer (WB), and blocked with PBS/1% BSA at room temperature for 2 h. Plates were again rinsed three times with WB. The Fc-fusion proteins in conditioned media from the transfected HEK293T cells were diluted with DELFIA binding buffer to a concentration of 20 ng/well and were added to each well (100 μL/well). Plates were incubated at room temperature for 2 h and then rinsed three times with DELFIA wash buffer. The plates then were incubated with 100 μL of Eu-EGF (Perkin Elmer) or Eu-NRG1-β (custom-labeled by PerkinElmer) at a concentration of 0.5 nM. The plates were incubated at room temperature for 2 h followed by three quick rinses with ice-cold DELFIA wash buffer containing 0.02% Tween-20. To quantify bound Eu-ligands, 130 μL/well of DELFIA enhancement solution was added, and the plates were read on a fluorescence plate reader (Envision, model 2100, PerkinElmer).
Screening for TGF-α and HB-EGF binding was carried out using the TGF-α and HB-EGF ELISA Kit (R&D System). 96-well plates were coated with 100 μL of anti-human Fc antibody at 1 μg/mL at room temperature overnight. Plates were rinsed and blocked as described above. The Fc-fusion proteins in conditioned media were diluted with PBS/1% BSA to 20 ng/well and were added to wells at 100 μL/well. Plates were incubated at room temperature for 2 h, followed by rinsing three times with WB. TGF-α and HB-EGF (R&D Systems) were diluted to 5 nM with PBS/1% BSA and were added to the plates. The plates were incubated at room temperature for 2 h followed by rinsing rapidly three times with ice cold WB. Bound ligands were detected using the biotinylated detection antibody against TGF-α or HB-EGF. Subsequent ELISA color development steps follow the manufacturer's instructions.
Procedures for screening EGFR ligand binding (Eu-EGF, TGF-α, and HB-EGF) to the immobilized EGFR:HER3 heterodimers using the conditioned media were identical to the screening for Eu-EGF, TGF-α, and HB-EGF binding described above, except that the plates were precoated with anti-human HER3 antibody (DYC1769, R&D Systems) at a concentration of 2 μg/mL and that the Fc-fusion proteins at 100 ng/well from the conditioned media were used for ligand binding.
Eu-Ligand Saturation Binding and Displacement
Eu-EGF and Eu-NRG1-β saturation binding and Eu-EGF displacement were identical to the Eu-EGF binding screening described above, except that purified heterodimers were used and the heterodimer concentrations used for ligand binding were at least ten-fold lower than the K d values for the assayed ligands (41) . For saturation binding with Eu-EGF, RB200 at 30 ng/well or RB242 at 2 ng/well were immobilized onto the anti-human Fc-coated pates. For saturation binding with Eu-NRG1-β, 2 ng/well of RB200 or RB242 were immobilized. Nonspecific binding was determined by the presence of one-hundred-fold excess of the corresponding unlabeled ligands. Displacement assays were performed with Eu-EGF (concentration of 50 nM for RB200 or 5 nM for RB242) added to wells in the presence of increasing concentrations of the indicated unlabeled competitors.
125-Ligand Saturation Binding
125
I-EGF was purchased from GE Healthcare. TGF-α and HB-EGF (R&D Systems) were custom-labeled by GE Healthcare. 96-well assay plates were coated with 5 μg/mL anti-human Fc antibody. Coated plates were washed and blocked as described above. Conditioned media or purified proteins diluted to 20 ng/well were immobilized in the antihuman Fc-coated wells. Increasing concentrations of the 125 I-ligands were used to reach saturation binding. Nonspecific binding was determined by the presence of one-hundred-fold excess of the corresponding unlabeled ligands. After binding, washed wells with bound 125 I-ligands were covered with 100 μL/well of scintillation cocktail OptiPhase 'SuperMix' (PerkinElmer) and were read by Microβ Trilux (PerkinElmer).
Phosphotyrosine ELISA
Phosphotyrosine ELISA was performed as described (23) .
Cell Proliferation Assays
TGF-α-or NRG1-β-induced cell proliferation was conducted in serum-free medium. Cells were plated in 96-well tissue culture plates (Falcon #35-3075, Becton Dickinson, NJ, USA) at 2,000 to 5,000 cells per well in 100 μL culture medium, as appropriate for each cell line, and then grown overnight (15 to 18 h). The cells then were serum-starved for 24 h and were treated with 3 nM of TGF-α or NRG1-β in the presence of increasing concentrations of the indicated inhibitors for 3 d. Cell proliferation was quantified by the MTS assays. The plate then was read on a plate reader at 490 nm wavelength for absorbance, which was directly proportional to the number of cells in the well. H1437 cell proliferation assay was performed in growth medium (RPMI1640/10% FBS). Cells were plated in 96-well tissue culture plates at 1,000 cells per well in 100 μL culture medium. The next d, cells were treated with increasing concentrations of RB200 or RB242 for 5 d in the same medium. Cell proliferation was quantified by CellTiterGlo luminescent assay (Promega).
Mouse Tumor Xenograft Model
The H1437 non-small cell lung cancer (NSCLC) tumor xenograft study was performed in female CD-1 nu/nu nude mice as described (23) . Efficacy studies were done in groups of nine mice. H1437 cells were maintained in RPMI 1640/10% FBS. Cells were harvested with 0.025% EDTA, washed twice with culture medium, resuspended in sterile PBS, and then injected subcutaneously into mice at 6 × 10 6 cells in 100 μL volume. Tumor measurements were done using a caliper, and tumor volume was calculated from length, width, and crosssectional area. 
Data Analysis
Results from ligand binding, phosphotyrosine ELISA, and cell proliferation assays were analyzed using GraphPad Prism 5 for nonlinear regression curve fitting (GraphPad Software). Results from mouse tumor xenograft experiments were analyzed using two-way Analysis of Variance (ANOVA) with Bonferroni's post-test.
All supplementary materials are available online at www.molmed.org.
RESULTS
Optimization of the EGFR Ligand Binding Domain for Affinity Improvement
We redesigned the EGFR ECD for increased ligand affinity through computer modeling based on the co-crystal structures of the EGFR ECD bound to EGF or TGF-α (25, 26) . The affinity design was based on the physical-chemical properties and classification of amino acids such as charge, polarity, aromaticity, residue volume, surface area, and solvent accessibilities. The PAM250 matrix was used to aid the prediction of amino acid substitutions (39, 40) . A total of 85 designed mutants (Supplementary Figure 1) were created by site-directed mutagenesis using the EGFR ECD (aa1-621)/Fc fusion protein as a template (23) . Mutants were transiently expressed in HEK293T cells. Secreted EGFR mutants in conditioned media were quantified by ELISA; 20 of the 85 mutants were not secreted. For the remaining secreted mutants, conditioned media containing equal amounts of the Fc-fusion proteins (20 ng) were used directly for ligand binding screening in anti-Fc-coated 96-well plates.
Screening for EGF binding was carried out using Eu-labeled EGF; 8 out of the 65 secreted mutants showed more than a two-fold increase in Eu-EGF binding compared with wild-type (Wt) EGFR/Fc (Figure 2A ). The remaining mutants showed similar, decreased, or no detectable binding of Eu-EGF (see Supplementary Figure 1 ). The eight mutants that showed increased Eu-EGF binding were further assayed for binding of TGF-α and HB-EGF using ELISA-based methods for detection (see Methods). A mu-tant with a threonine-to-serine change at position 15 of the mature EGFR receptor (EGFR T15S /Fc) was found to have the most improved binding capacity combined for EGF, TGF-α, and HB-EGF (see Figure 2A ). Binding was repeated using 
Optimization of HER3 Ligand Binding Domain for Affinity Improvement
Next, we redesigned the HER3 ligand binding domain for affinity improvement following a similar approach used for EGFR/Fc optimization. The published structure information of HER3 ECD (30) was used for computational design. Because there is no ligand-bound receptor crystal structure available, we performed in silico prediction and created a total of 120 mutants (Supplementary Figure 2 ). Screening for improved binding of Eu-NRG1-β identified five mutants with a > two-fold affinity improvement (see Figure 2A) . A tyrosineto-alanine mutation at position 246 (HER3 Y246A /Fc), which is located in the dimerization arm involved in the subdomain II-IV tether contact, demonstrated an eight-fold improvement in affinity for 125 I-NRG1-β ( Figure 3D ), and was selected for further work.
HER3/Fc and HER3 Y246A /Fc were compared for their potencies in inhibition of NRG1-β-induced HER3 phosphorylation. MCF7 breast cancer cells known to express a high level of cell surface HER3 (43) were serum-starved, and treated with NRG1-β in the presence of increasing concentrations of HER3/Fc or HER3 Y246A /Fc. As shown in Table 1 Figure 1C) . Surprisingly, however, RB222 no longer possessed the improved affinity for EGFR ligands. As shown in Figure 1C , heterodimers RB200 and RB222 each had an apparent K d > 30 nM for 125 D 1 5 ( 1 -2 ) 1 1 -2 0 , J A N Figure 3C ). We concluded that the HER3 ECD suppresses the high-affinity binding of the EGFR ECD when they are locked in an Fc-mediated heterodimer.
I-TGF-α (binding was not R E S E A R C H A R T I C L E M O L M E
A G564S Mutation Restores the HighAffinity Binding of EGFR Ligand to RB222
To restore the high-affinity EGFR ligand binding to the heterodimer RB222, we introduced additional single mutations into the EGFR arm of RB222, focusing on its subdomain II/IV tether region. A novel method was devised for efficient screening for EGFR ligand binding to the EGFR:HER3 heterodimer mutants in the conditioned media without prior purification. EGFR:HER3/Fc heterodimers as well as HER3/Fc homodimers in the conditioned media were immobilized on the surface of 96-well plates, which were pre-coated with anti-human HER3 (ECDspecific) antibody. This was followed by binding of EGFR ligands to the immobilized EGFR:HER3/Fc heterodimers. An important advantage of this method is that conditioned medium containing a mixture of heterodimers and homodimers can be screened directly for the heterodimer-specific EGFR ligand binding without removal of the contaminating homodimers. Ten heterodimer mutants were created and screened using this method. A mutant named RB242 with a G564S mutation located in subdomain IV of the autoinhibitory tether was recovered which showed restored highaffinity EGFR ligand binding (see below). RB242 subsequently was purified tõ 95% homogeneity and assayed for its ligand binding affinity.
All initial ligand affinity screening performed above allowed us to obtain and compare the apparent (not true) K d values (44) . To determine the true K d values, we used the apparent K d values as a starting point to calibrate the saturation binding such that the concentration of an assayed receptor was at least ten-fold lower than the measured K d for the assayed ligand. When binding assays were performed following this mathematic relationship (see Methods for details) (44) , RB242 demonstrated a ten-fold improvement over RB200 in affinity for Eu-EGF (K d of 1.0 nM versus 9.5 nM) and a thirty-one-fold improvement in affinity for Eu-NRG1-β (K d of 0.1 nM versus 3.1 nM, Figure 4A ,4B). Competitive ligand binding was performed to displace Eu-EGF binding by unlabeled TGF-α or HB-EGF. In these ligand displacement assays, RB242 demonstrated a thirty-four-fold improvement over RB200 in affinity for TGF-α (Ki of 0.5 nM versus 17.0 nM), and a seventeen-fold improvement in affinity for HB-EGF (Ki of 1.1 nM versus 18.4 nM, Figure 4C,4D) .
Purified RB200 and RB242 were assayed for their ability to inhibit EGFR and HER3 phosphorylation. A dosedependent inhibition of ligand-induced EGFR phosphorylation by RB200 or RB242 was demonstrated in N87 cells and MCF7 cells (Supplementary Figure 3) . As suggested by the increased ligand binding affinity, RB242 was sixty-fivefold more potent than RB200 in inhibition of EGF-induced EGFR phosphorylation ( 
RB242 is More Potent than RB200 in Inhibition of Proliferation of Cultured Tumor Cells
The effects of RB200 and RB242 on proliferation of cultured monolayer tumor cells were compared. Proliferation of BxPC3 pancreatic cancer cells was induced by TGF-α or NRG1-β in serumfree medium. Growth factor-induced BxPC3 proliferation was inhibited by RB200 or RB242 in a dose-dependent manner ( Figure 5A, top panels) . The estimated EC 50 indicated that RB242 was five-fold more potent than RB200 in inhibition of TGF-α-or NRG1-β-induced proliferation in a 3-d proliferation assay. As much as a 200% increase in inhibition was seen in RB242-treated BxPC3 cells. This presumably resulted from proliferation of BxPC3 cells in serum-free condition which was inhibited by RB242. Similarly, serum-starved MCF7 breast cancer cells were induced to proliferate by NRG1-α; this proliferation was inhibited by RB200 or RB242 ( Figure 5A , bottom left panel). The estimated EC 50 indicated that RB242 was seven-fold more potent than RB200 in a 5-d proliferation assay. Proliferation of human H1437 NSCLC cells was analyzed in growth medium (RPMI1640/10% FBS) with increasing concentrations of RB200 or RB242. As shown in Figure 5A (bottom right panel), RB242 was about five-fold more potent than RB200 in a 5-d proliferation assay (EC 50 of 18.9 nM versus 100.7 nM).
RB242 Demonstrates Improved AntiTumor Activity in a Mouse Model of Human Non-Small Cell Lung Cancer
In vivo efficacy of RB200 and RB242 was compared in nude mice bearing tumors derived from human H1437 NSCLC cells. This model was chosen because RB200 and RB242 showed direct antiproliferative activity in vitro ( Figure 5A , bottom right) (23) . H1437 cells were injected subcutaneously and allowed to grow tõ 100 mm 3 before treatment started. In this model, RB200 dosed at 12 mg/kg showed a trend in growth inhibition of the established tumors ( Figure 5B , P > 0.05). Administered at the same dose, RB242 demonstrated improved antitumor activity with ~50% inhibition of tumor growth after two wks of treatment (P < 0.01), consistent with its enhanced inhibitory activity in cultured tumor cells (see Figure 5A ).
DISCUSSION
In the present study, we scanned the ECDs of the EGFR and HER3 in silico for amino acid changes that would impact ligand binding. The amino acid changes made were based upon crystallographic studies of the ECD of the EGFR complexed with TGF-α (25) or EGF (25, 26) , the structure of the HER3 ECD (30) , and previous work indicating that negative interactions dominate HER ligand specificity and affinity (45) . We predicted amino acid changes that could release the subdomain II-IV 'tethering' interactions, thus favoring a structure in which the EGFR and HER3 extracellular domains would prefer the high-affinity conformation (24, 27, 33, 34, 37) , and in which other changes would stabilize the ligandreceptor complex (46) .
A total of 85 and 120 molecules were screened as variants of EGFR/Fc or HER3/Fc homodimers. A subset of the variants (24% of EGFR/Fc) were not secreted from transfected 293T cells, and were not further characterized. Of the remaining candidate molecules, 88% of the EGFR variants and 96% of the HER3 variants had similar, reduced, or no detectable binding of Eu-EGF or Eu-NRG1-β, respectively. Despite rational design based upon known structures, only 12% of EGFR and 4% of HER3 variants showed > two-fold increase in binding affinity for ligands. This low frequency of high-affinity binding molecules is likely due to inconsistencies between crystal and solution structures, and other D 1 5 ( 1 -2 ) 1 1 -2 0 , J A N aspects of ligand-receptor associations which are not understood (27) .
R E S E A R C H A R T I C L E M O L M E
The T15S EGFR ECD mutation has not been reported previously. Among the 67 EGFR mutants screened, EGFR T15S /Fc is the only one with improved affinity for multiple ligands (EGF, TGF-α, and HB-EGF). Thr15 of EGFR is conserved among the ligand-binding HER family proteins but not in the orphan receptor HER2 ( Figure 2B ). The EGFR ECD crystal in complex with TGF-α (25) suggests that Thr15 of EGFR forms direct contact with the conserved Cys32 of mature TGF-α via a 3.1 Å hydrogen bond (Supplementary Figure 4) . A Thr15-to-Ser mutation likely shortens the hydrogen bond from 3.1 Å to 2.7 Å (measured with Swiss-PdbViewer) (47) , suggesting that this may be one of the possible mechanisms for more stable binding between the EGFR ECD and TGF-α. This possibility can be extended to the improved affinity for EGF and HB-EGF since Cys at this position is 100% conserved among HER ligands. HER3 Y246A /Fc showed a significant improvement in affinity for NRG1-β. Y246A is conserved among all HER members (see Figure 2B ). It is a critical residue implicated in stabilization of the receptor dimers and subdomain II/IV tethers (34) .
Data from crystallographic studies indicate that Y246 of HER3 forms direct intramolecular contact with D562 and K583 via hydrogen bonds (30) . However, unlike Y246A mutation in HER3/Fc, the same mutation in the EGFR/Fc abolishes its high-affinity binding of EGF (see Supplementary Figure 1 ). This is presumably because Y246A is also involved in stabilization of the receptor dimers (34) , and receptor dimerization is required for the high affinity binding of cognate ligands by soluble EGFR/Fc but not required by soluble HER3/Fc (our unpublished observation). Presumably for a similar reason, Y246 mutations in full-length EGFR abolish its high-affinity binding of EGF and impair receptor function (34) . Mutations at Y246 in HER3 have not been reported previously. However, an sHER3 H565F mutant, which weakens or releases the subdomain II-IV intramolecular tether, results in a five-fold higher affinity for NRG (33) . Thus, mutagenic disruption from either side of the subdomain II/IV tether allows higher HER3 ECD ligand binding affinity. Our ligand binding assays revealed a negative effect of the HER3 ECD on EGFR ligand binding in the Fc-mediated EGFR:HER3 heterodimeric configuration. Affinity modulation due to heterodimerization of HER members has been reported previously. A highaffinity NRG binding site is created by HER2/3 or HER2/4 heterodimerization (4,5), but suppression of high-affinity EGF binding by HER3 has not been described previously. Our study predicted that a conformational constraint occurred in the ligand binding domain of EGFR as a result of heterodimerization with HER3 ECD. We hypothesized that the intramolecular tether (24, 30, 48) of the EGFR failed to release upon ligand binding, and that a HER3 ECD-derived conformational constraint keeps the EGFR ECD in a locked (inactive) configuration. Our hypothesis seems to be supported by mutagenic disruption of the domain II/IV tether. A Gly564-toSer mutation restored EGFR ligand binding affinity (K d or Ki change from 9.1 nM to 1.0 nM, 17.0 nM to 0.5 nM, and 18.4 nM to 1.1 nM for EGF, TGF-α, and HB-EGF, respectively). Alternatively, the G564A mutation might affect the subdomain IV-mediated receptorreceptor interaction within the heterodimer leading to a reorientation of subdomains I and III in the opposite strand (24, 30, 48) . In this context, the triple mutant heterodimer (RB242) not only demonstrated improved affinity for EGFR ligands, but also enhanced HER3 ligand binding of NRG1-β further (K d change from 3.1 nM to 0.1 nM). Gly564 is conserved among the ligand binding HER family proteins (see Figure 2B) . It forms direct contact with Y251 via a hydrogen bond, and plays an important role in tether formation (30) . While a Gly564-to-Pro mutation was reported to have little effect on both EGF binding and receptor function in full-length membrane EGFR (49) , several other subdomain IV tether mutations in soluble EGFR ECD generated increased high-affinity binding sites (24, 27, 34, 37) , emphasizing again the discrepancy between soluble and fulllength membrane receptors (34) . In the present study, a Gly564-to-Ser mutation reversed the negative effect of HER3 ECD on EGFR ligand binding. Whether natural transmembrane HER3 can suppress full-length EGFR in ligand binding is not yet known.
B I S P E C I F I C L I G A N D T R A P T A R G E T I N G T H E E G F R F
We don't know why the G564D and G564S mutants increase HB-EGF and Eu-EGF binding, but have no effect on TGF-α binding (see Figure 2A) . However, we predict that, as mentioned earlier, mutations at G564 may have an effect on the subdomain IV-IV interactions within the receptor dimer, leading to a reorientation of subdomains I and III (24, 30, 48) , to such an extent as to positively affect the binding of HB-EGF and Eu-EGF, but not TGF-α.
Burgess's group previously reported that EGFR-501, a truncated ectodomain of EGFR which removes the tether on subdomain IV, has enhanced affinity for EGFR ligands (37) . Its affinity is further increased upon its C-terminal fusion to an Fc (personal communication). Thus, it would be interesting to compare the affinity of EGFR-501-Fc with our mutants in the same assays.
Cell-based assays confirm that RB242 is about ten-to sixty-fold more potent than RB200 in inhibition of ligand-induced HER phosphorylation, and is about fiveto seven-fold more potent in inhibition of serum growth factor-induced tumor cell proliferation. Our in vivo studies demonstrated that RB242 is more potent in inhibition of growth of tumor xenografts derived from human H1437 NSCLC cells in nude mice. These results show a correlation between increased ligand binding affinity and improved in vitro and in vivo anti-proliferative activity of pan-HERtargeted ligand traps.
Resistance to single-targeted anti-HER agents such as cetuximab may be attributed in part to multiple HER co-activation (12, 15, 16, (19) (20) (21) 50) . One strategy to reduce resistance and improve efficacy of HER-targeted therapies is to inhibit multiple HER family members simultaneously (23) . RB242, a rationally designed mutant with improved affinity for the majority of HER ligands, may represent a unique single molecule entity capable of implementing this anti-cancer therapeutic strategy.
